Horizontally propagating chemical fronts are studied in a thin solution layer of the acid-catalyzed chlorite-tetrathionate reaction. Unusual cellular patterns develop when significant amount of autocatalyst is bound to polyelectrolyte with low mobility: both oscillatory and stationary patterns evolve as a result of the interaction between the reaction front and the superposed gravity current. The concentration of the polyelectrolyte regulating the velocity of front propagation serves as a bifurcation parameter for switching between the two basic patterns. a)
I. INTRODUCTION
Fluid motion in nature is abound, since density gradients due to composition or temperature change are frequently present.
1 Convection therefore can be observed as a result of thermal gradients like a rising plume of hot air, mantle convection or different types of clouds. Spreading of pollutants in the ocean or in the atmosphere is mainly due to compositional changes. Buoyancy also plays an important role during cooling of molten metals or carbon dioxide sequestration in brine aquifers.
2
Chemical reactions coupled with buoyancy driven convection can induce various instabilities.
1,3-8
The introduction of hydrodynamic motion enhances the local mixing of chemicals at the interface separating the reactants from the products and hence allows for a larger yield of reaction than in the absence of convection. In the simple A+B −→ C reaction significant enhancement is observed with asymmetric patterns which change in time, 9,10 since the reaction slows down because of the growing separation of the reactants from the products.
11
Reactions with positive feedback, like autocatalytic systems, will build a thin interface where the conversion of reactants into products containing the autocatalyst takes place. 6, 12, 13 The advantage of these reactions is that along the interface a constant density stratification develops in time, which in turn allows the long-time characterization of the evolving structure with its enhanced local mixing.
During a reaction in a spatially extended system, chemical composition changes result in a change in density which in turn may trigger convection. 3 In autocatalytic reactions, typically heat is released locally in the course of the reaction leading to density decrease due to volume expansion. The sum of these two contributions will determine how hydrodynamic motion affects the pattern formation. In the presence of buoyancy, an initially planar reaction front may lose stability in the direction perpendicular to the front, 6, 12, 14 since the mixing of the reactant is enhanced providing an increase in front velocity, and a cellular structure may evolve if the gravity field is parallel to that of the front propagation. In case of reactions where density decreases, the solutal and thermal effects strengthen each other, 5,15 while in cases with increasing density, the two compete and even a change in the sign of net density gradient is possible yielding characteristically different patterns. 16, 17 When the two directions are perpendicular, in a vertical slab for example, horizontally propagating vertical planar fronts are always unstable giving rise to a gravity current.
18,19
The acid-catalyzed reaction of the chlorite oxidation of tetrathionate in a slight chlorite excess (CT reaction) is highly exothermic and the solutal density change is positive, i.e., the products are denser than the reactants. 7 In a sufficiently wide system, the downward propagating fronts are always hydrodynamically unstable, while in thin solutions the upward propagating fronts are stable and retain their initial planar geometry when fronts propagate parallel to the direction of the gravity field.
20
Lateral instability can also be induced in the absence of convection 21, 22 when the flux of the reactant is significantly greater than that of the autocatalyst and the autocatalytic feedback is sufficiently strong, i.e., the front is characterized as a "pushed type". 23 The effective diffusion of the autocatalyst can be lowered by reversibly removing an appropriate amount of the autocatalyst utilizing complex formation. In the CT reaction, carboxylate containing polyacrylamide hydrogels were successfully introduced into the reaction matrix to produce cellular patterns. 24-26 When a soluble linear polymer is used for binding the autocatalyst, fluid motion due to gravity is still possible therefore both convective and diffusive instabilities arise. [27] [28] [29] [30] The contribution and interaction of these two types of instabilities depend on the extent of autocatalyst binding and the viscosity of the solution. The latter is especially important in matching the time scales associated with each driving force.
We have found experimentally that the use of linear polyacrylamide incorporated with carboxylate groups allows macroscopic fluid motion which, in turn, will induce cellular patterns as the result of convection at a reaction front propagating horizontally in a thin layer of solution. In this manuscript we are going to show that unique oscillatory and stationary patterns can develop in thin solution layers.
II. EXPERIMENTAL
Reagent-grade chemicals (Sigma, Aldrich, Reanal) of the CT reaction were used except for NaClO 2 , which was recrystallized twice to achieve at least 95 % purity. 31 A 0.30 M sodium polyacrylate stock solution-to bind the hydrogen ion produced in the course of the reaction-was prepared by measuring out sodium hydroxide and polyacrylic acid (100 kDa, Aldrich) in a 1:1 molar ratio. The reactants were then mixed at room temperature yielding the solution composition summarized in Table I , and injected into a Hele-Shaw cell 
where x i is the front position, x is the mean front position and N is the number of points perpendicular to the direction of propagation. Knowing the spatial resolution ∆y, R j was converted to its dimensional form as R y = ∆y R j .
The density of the reactant and the product solution was measured by an AP Paar DMA 58 digital densitometer within 10 −5 g/cm 3 precision. In selected experiments temperature in the vicinity of the reaction front was monitored by a type J thermocouple (0.5 mm thin) positioned in the middle of the Hele-Shaw cell.
III. RESULTS & DISCUSSION
The propagation of initially planar, vertically oriented fronts in the horizontal direction is investigated. Although the height of the solution layer is only 2 mm, fluid motion in the vertical direction arises under the experimental conditions, since density increases in the course of the reaction under isothermal conditions, i.e., the product solution is denser than the reactant (∆ρ = 2.1 × 10 −4 g/cm 3 ). 30 This results in a gravity current superimposed on the chemical front as the denser product solution tends to advance on the bottom in the form of a single convection roll, and the reaction front takes on a steady geometry, which appears planar upon viewing from above. Sodium polyacrylate in the reactant mixture, however, binds a substantial amount of the autocatalyst hydrogen ion resulting in a significant decrease of the propagation velocity from the value of 7.8mm/min obtained in the absence of polyacrylate. 31 As the reaction front slows down upon the addition of the polyelectrolyte, thermal effects cannot be neglected any more. In the exothermic CT reaction with our experimental conditions, the maximum temperature rise is 0.8
• C indicating that the local density decrease due to the thermal expansion of the solution contributes to the resultant density change at the reaction front. It is important to point out, that sodium polyacrylate is a bulky species with diffusion coefficient at least an order of magnitude lower than the other chemical components present in the system, 30 which would lead to diffusive instabilities in a convection free environment. By comparing the time scale of diffusive patterns (hour scale) 25 to that of our patterns (minute scale), it is evident that hydrodynamic motion is the dominant form of transport and hence diffusion-driven instability may be neglected.
When the sodium polyacrylate content of the reactant mixture is raised to 25 mM, the level where 83 % of the hydrogen ion produced during the reaction is bound to the polymer, the steady front propagation with a single convection roll is not stable any more. Top views of the evolving front are presented in Fig. 2 , which illustrate that the pattern has a distinct three-dimensional structure. Close inspection reveals that the leading blurred line in Figs. 2 (a), (f), and (h) that separates the reactant from the product lies on the bottom of the solution layer. On the other hand, the trailing, sharp, very bright cellular structure appears at the upper layers of the solution. The darker straight lines ending at the cusps of the cells locate areas of downward moving fluid in the vicinity of the front, and hence support that convection rolls develop not only along the front but also perpendicular to that. The cells evolve periodically by rising from below just beyond the leading edge of the front where the conversion of reactants into products is high. Since thermal contribution is significant, the warmer product solution can ascend because its density is lowered below that of the reactant yielding a symmetric pattern wedged between the reactant and product zone, that resembles the hexagonal structure in Rayleigh-Bénard instability.
Both the spatial pattern and its temporal evolution are periodic. The time evolution of the structure can be monitored by following the position of the cusps. Figure 3 shows that the structure is shifted in ∼ 70-80 s time intervals by a half wavelength in lateral direction (along the y coordinate). Within these intervals, however, the position of the structures is stationary and their movement along the front is negligible, indicating that vertical fluid motion dominates within the front zone: ascending in the light yellow region and descending in the dark purple region. The wavelength associated with the spatial structure can be obtained from the correlation function depicted by a solid line in Fig. 4 .
The first local maximum represents the wavelength of the structure around λ=1.36 mm.
The temporal invariance of this local maximum suggests that the pattern is sufficiently stable, since the characteristic wavelength remains 1.37±0.02 mm in a 300 s interval, i.e., over several cycles. Although the pattern itself switches periodically, it travels at a constant speed of 1.32±0.02 mm/min, which is significantly greater than that measured in 0.8 mm thin solution layer with similar experimental conditions (0.787±0.002 mm/min 30 ). The increase in front velocity with solution height indicates the local mixing of reactants and products is stronger due to the enhanced convective motion.
On further increasing the concentration of sodium polyacrylate to 27.5 mM-corresponding to 92 % binding of the autocatalyst-a distinctly different cellular structure is observed as depicted in Fig. 5 . The leading edge of the front is still planar from above, similarly to the previous pattern (cf. Fig. 2 ), and it develops at the bottom of the Hele-Shaw reaction container. The trailing structure behind is spatially periodic but its wavelength is significantly smaller. The parallel dark purple stripes ending at the cusps of the cells are wider suggesting stronger convection perpendicular to the direction of front propagation.
The front characterized with this comb pattern travels without any significant change in the lateral direction. The cusp evolution, presented in Fig. 6 , also underlies that the structure is stationary, since the lateral position of cusps remains constant in time. From the correlation function shown by a dashed line in Fig. 4 , the wavelength is 0.78±0.05 mm which is approximately half of the wavelength of the oscillatory pattern, therefore the bifurcation from oscillatory to stationary front pattern is accompanied by wavelength halving.
Since greater amount of hydrogen ion is bound to the polyelectrolyte and hence less free autocatalyst is present in the system, the constant front velocity (1.09±0.02 mm/min) is slightly lower than in the previous case.
The superposition of the former two patterns illustrated in Fig. 7 
